Listeria monocytogenes has emerged as a food safety concern for several produce commodities. Although L. monocytogenes contamination can occur throughout the supply chain, contamination from the packinghouse environment represents a particular challenge and has been linked to outbreaks and recalls. This study aimed to investigate the prevalence, persistence, and diversity of L. monocytogenes and other species of Listeria in produce packinghouses. A longitudinal study was performed in 11 packinghouses (whose commodities included microgreen, peach, apple, tomato, broccoli, cauliflower, and cucumber) in three U.S. states. In each packinghouse, 34 to 47 sites representing zones 2 to 4 were selected and swabbed. Packinghouses were visited four times over the packing season, and samples were tested for Listeria by following the U.S. Food and Drug Administration's Bacteriological Analytical Manual methods. Presumptive Listeria-positive isolates were confirmed by PCR. Species and allelic type (AT) were identified by sigB sequencing for up to eight isolates per sample. Among 1,588 samples tested, 50 (3.2%), 42 (2.7%), and 10 (0.6%) samples were positive for L. monocytogenes only, Listeria spp. (excluding L. monocytogenes) only, and both L. monocytogenes and Listeria spp., respectively. Five species of Listeria (L. monocytogenes, L. innocua, L. seeligeri, L. welshimeri, and L. marthii) were identified, and L. monocytogenes was the most prevalent species. The 102 Listeria-positive samples yielded 128 representative isolates (i.e., defined as isolates from a given sample with a different AT). Approximately 21% (21 of 102) of the Listeria-positive samples contained two or more ATs. A high AT diversity (0.95 Simpson's diversity index) was observed among Listeria isolates. There were three cases of L. monocytogenes or Listeria spp. repeated isolation (site testing positive at least twice) based on AT data. Data from this study also support the importance of drain and moisture management, because Listeria were most prevalent in samples collected from drain, cold storage, and wet nonfood contact surface sites.
Listeria monocytogenes contamination may occur at several points along the produce supply chain; in the last 10 years, several listeriosis outbreaks and recalls have been associated with contamination in packinghouses (3, 4, 11, 19, 26, 48, 49) . For example, in 2011, a cantaloupe-borne outbreak caused 147 cases of listeriosis and 33 deaths in 28 states (26) . The investigation of the outbreak by the U.S. Food and Drug Administration (FDA) yielded several factors potentially contributing to the contamination event and specifically related to food contact surfaces (FCSs) within the cantaloupe packinghouse (45) . Of the 39 environmental swabs taken from the packinghouse, 13 were positive for the outbreak strain of L. monocytogenes, and 12 of those 13 positive swabs were from FCSs. In addition, a multistate L. monocytogenes outbreak was associated with caramel apples, which resulted in 35 cases, 34 hospitalizations, and 7 deaths across 12 states (3). A packinghouse that supplied apples to the caramel apple producer associated with the outbreak performed a voluntary recall because of L. monocytogenes-positive environmental samples (3) . Weeks later, it was confirmed by the FDA through pulsed-field gel electrophoresis and whole genome sequencing that the L. monocytogenes isolates from the packinghouse were indistinguishable from and highly related to, respectively, the outbreak strains (3) . These high-profile outbreaks demonstrate that produce may become contaminated in the packinghouse environment, and studies are needed to investigate potential sources and routes of possible contamination.
Although there are several studies on L. monocytogenes prevalence and diversity in produce products (1, 14, 23, 33, 42, 53) and produce preharvest environments (5, 39, 40) , minimal studies have been published on L. monocytogenes prevalence and diversity in produce postharvest environments (27, 32, 51) . One cross-sectional study (40) observed an 11% (30 of 263) and a 30% (22 of 74) L. monocytogenes prevalence in soil and water samples, respectively, collected across 21 produce preharvest environments in western, central, and eastern New York State. In addition, the study authors observed L. monocytogenes prevalence in produce fields was associated with various management practices, such as recent soil cultivation or irrigation of fields. Other studies (39, 55) have associated L. monocytogenes prevalence in produce preharvest environments with landscape (e.g., soil characteristics and proximity to landcover features) and meteorological (e.g., precipitation and temperature) factors. Thus, if product (i.e., produce), equipment (e.g., trucks and harvesters), tools (knives and harvest bins), and/or other miscellaneous items (e.g., worker boots) become contaminated in the field (e.g., by contaminated soil, water, and feces), it is possible for contamination to be introduced into postharvest environments. In addition, with the presence of L. monocytogenes in many other environments, including natural and urban environments (5, 34, 36) , introduction from other sources (e.g., surrounding the packinghouse) is possible.
Species of Listeria have been isolated from various postharvest food environments (e.g., processing and retail environments). Several studies (6, 7, 16, 17, 21, 32, 35, 37, 51, 52, 56) have investigated the prevalence of L. monocytogenes (1.6 to 41.3%) in food environments, including fish, meat, dairy, mushroom, and poultry processing facilities and deli retail environments. A study (32) in a produce processing environment in Poland reported an L. monocytogenes prevalence of 41.3% (based on 213 samples). Environmental contamination of L. monocytogenes can be challenging to control, because L. monocytogenes has various traits (e.g., growth at refrigeration temperatures) that allow survival (2, 54, 57) in foods and/or food production facilities. Furthermore, old, deteriorating, and/or poorly designed equipment and facilities may generate niches and/or harborage sites (e.g., cracks and crevices) (2) . In 2013, FDA performed a cantaloupe packinghouse assignment sampling of 17 companies to provide data on L. monocytogenes prevalence on cantaloupes and in cantaloupe packinghouses on both FCSs and nonfood contact surfaces (NFCSs) (46) . The assignment identified product and environmental samples positive for L. monocytogenes in one company's facilities and positive for nonpathogenic species of Listeria in eight companies' facilities. FDA observations of the facilities with Listeriapositive samples included uncleanable FCSs; damaged, corroded, or porous materials; debris on equipment; poorly located hand washing stations; and areas of pooled water (46) . Overall, prior studies and data demonstrate L. monocytogenes may be detected and isolated in several food-associated environments; however, published studies are lacking data on L. monocytogenes and other Listeria spp. prevalence, persistence, and diversity in postharvest produce environments, specifically produce packinghouses dealing with raw agricultural commodities. Data are needed to evaluate contamination risks in produce packinghouses to assist in developing control measures to minimize produce contamination (e.g., limit cross-contamination and harborage sites).
Therefore, the goal of this study was to determine the prevalence of L. monocytogenes and other Listeria spp. in produce packinghouses over a full packing season. In addition, Listeria isolates were characterized to investigate the persistence and diversity within and across packinghouses, as well as compare harborage sites in these facilities. By obtaining data on L. monocytogenes and other species of Listeria in produce packinghouse environments, we seek to provide the produce industry with best practices to reduce and/or control the risk of produce contamination events in the packinghouse.
MATERIALS AND METHODS
Study design. A longitudinal study was performed on 11 produce packinghouses handling and packing raw agricultural commodities in three states located in the southeastern region of the United States. Commodities included microgreens, peaches, apples, tomatoes, broccoli, cauliflower, and cucumbers. The distance between packinghouses ranged from approximately 30 to 1,050 km. Further location details are not provided because of confidentiality. Packinghouses were selected based on the willingness of packers to participate; all packinghouses had completed successful third-party audits and are covered by the Food Safety Modernization Act Produce Safety Rule (50) . Packinghouses were sampled four times during the growing season from July 2017 to March 2018. Samples were collected 3 to 4 h into packinghouse operation, representing a time point at which contamination events would more likely be identified (heaviest product flow and worker and equipment traffic, as well as before sanitation).
Sample sites. To select sampling sites, some authors (L.K.S., F.J.C., A.M.H., and E.M.E.) met with owners and food safety managers to discuss how fruits and/or vegetables were handled and packed in the packinghouse. No FCS sites were selected. Between 34 and 47 NFCS sites were sampled based on the United Fresh Produce Association's "Guidance on Environmental Monitoring and Control of Listeria for the Fresh Produce Industry" (44) . NFCS sites for each packinghouse were classified into three zones: zone 2 (located adjacent to FCSs), zone 3 (located in main handling and packing areas), and zone 4 (located outside of main handling and packing areas); most selected sample sites represented zones 2 and 3. Site examples included forklift wheels, drains, dump tank legs, cold room floors, and squeegees (Supplemental Table S1 ). Sites from each packinghouse were mapped on facility maps and photographed, and location details were described to ensure consistency in site sampling upon each packinghouse visit. Sampled sites were further grouped into six categories to assist in identification of Listeria harborage areas: cold storage rooms (CS), drain sites (DS), wet nonfood contact surfaces (WNFCS), dry nonfood contact surfaces (DNFCS), mobile nonfood contact surfaces (MNFCS), and outside the main packinghouse handling and packing area (OP ; Table S1 ). For the purpose of this study, sites were characterized as wet or dry based on the presence or absence of water or moisture, respectively. Sample site classifications (i.e., category groupings) did not change over the course of the study.
Sample collection. Samples were collected by the authors (E.M.E., A.M.H., F.J.C., and L.K.S.). Latex gloves (Nasco, Fort Atkinson, WI) were worn for sample collection. Gloves were changed between each sample and disinfected with 70% ethanol before sample collection. Samples were collected using 3M sponge-sticks with 10 mL of Dey Engley neutralizing broth (3M, Maplewood, MN). For each sample, the sponge-stick was aseptically removed from the labeled bag and used to sample the selected site, and then the sponge was immediately returned to the labeled bag. For selected sites with large surface areas, such as cold room floors, dump tank legs, or forklift wheels, approximately 645 cm 2 (100 in 2 ) was swabbed. For selected sites with surfaces areas less than 645 cm 2 , the whole available surface was swabbed (e.g., squeegee and cart handle). All samples were transported on ice, stored at 4 6 28C, and processed within 24 h of collection.
L. monocytogenes and other Listeria spp. detection and isolation. Each sample was tested to detect and isolate Listeria using a modified version of the FDA's Bacteriological Analytical Manual procedure (15, 31, 36) . A 90-mL volume of buffered Listeria enrichment broth (Difco, BD, Sparks, MD) was added to each sample bag, homogenized in a Stomacher 400 Circulator at 230 rpm for 60 s, and incubated at 308C. After a 4-h incubation period, sample bags were removed from the incubator. A 360-μL Listeria selective enrichment supplement (Oxoid, Cambridge, UK) was added to each sample bag, and all sample bags were returned to the incubator at 308C. At both 24 and 48 h postincubation, 50 μL of enrichment from each sample bag was streaked to L. monocytogenes plating medium (R&F Laboratories, Downers Grove, IL) and modified Oxford medium (Difco, BD) agars. The two agar plates were incubated at 35 and 308C, respectively, for 48 h. Colonies representing Listeria growth were substreaked, if needed, for isolation in preparation for identification. Presumptive Listeria-positive colonies were confirmed by PCR for the partial sigB gene using previously described methods (9, 29, 39) . For each sample, up to eight confirmed Listeriapositive isolates (up to four L. monocytogenes and up to four Listeria spp. other than L. monocytogenes, selecting equal numbers, if possible, from both the 24-h and the 48-h enrichment platings) were substreaked on brain heart infusion agar (Difco, BD), incubated at 358C for 18 h, and frozen at À808C in 15% glycerol.
Identification of Listeria spp. and allelic typing. Listeria isolates were streaked from frozen culture to brain heart infusion agar and incubated at 378C for 18 h. An isolated colony was selected. Partial sigB sequencing is a proven approach (rapid, low cost, and reliable) to identify species of Listeria and to classify isolates into allelic types (ATs), as described by Nightingale et al. (29) . Nucleotide sequences of sigB from Listeria isolates were obtained by Sanger sequencing performed by the Cornell University Life Sciences Core Laboratories Center (Ithaca, NY) and compared with those in the Food Microbe Tracker database (http://www.foodmicrobetracker.com) to assign species and AT, as defined by a unique combination of polymorphisms.
Categorical analysis. Categorical analysis was performed as previously described (5, 39) . Univariate associations between Listeria-positive samples and packinghouse and site category were performed by a chi-square test or a Fisher's exact test (if less than 5). Confidence intervals (95%) were calculated for each packinghouse and site category, assuming a binomial distribution. P values less than 0.05 were considered significant. Subtype diversity using sigB AT within and across packinghouses was quantified using Simpson's index of diversity (D), which was calculated as previously described (13, 18, 38) . All categorical analyses were performed using SAS 9.3 (SAS Institute Inc., Cary, NC).
RESULTS AND DISCUSSION
In this article, there are two ways Listeria is reported and discussed: (i) Listeria spp. and (ii) L. monocytogenes. Listeria spp. refers to the genus level and includes all species of Listeria, excluding L. monocytogenes. L. monocytogenes refers only to this species, which is the only Listeria spp. capable of causing foodborne illness in humans and the pathogen responsible for several produceassociated outbreaks and recalls. Tables 1 and 2 Although Listeria prevalence was low, approximately half of the total Listeria isolates were identified as L. monocytogenes. The combined Listeria spp. and L. monocytogenes prevalence of 6.4% reported in this study was lower than the Listeria prevalence reported in other food environments (6, 7, 16, 17, 21, 32, 35, 37, 51, 56) . For example, one study (56) observed approximately 15.6% (107 of 688) of samples collected from NFCSs were positive for Listeria in six small ready-to-eat meat processing plants. Similarly, another study (51) reported a Listeria prevalence of 15.8% (29 of 184) from samples (conveyors, shovels, hoses, drains, doors, and harvesting knives) collected in a small-scale mushroom production facility.
Among the 102 Listeria-positive samples, 50 (3.2%) and 42 (2.6%) were positive for L. monocytogenes only and Listeria spp. only, respectively, with 10 (0.6%) samples positive for both L. monocytogenes and Listeria spp. (coisolation; Table 1 ). The L. monocytogenes prevalence in a given packinghouse ranged from 0.0 to 11.4%. Only two of the packinghouses (H and K) sampled had no L. monocytogenes-positive samples detected during the study (with 136 and 140 samples collected in each packinghouse, respectively), while the remaining nine packinghouses had at least one L. monocytogenes-positive sample during the study. L. monocytogenes prevalence was highest in packinghouses A (11.4%), C (11.4%), D (7.1%), and B (5.0%). Other studies in food-associated environments have observed a range of L. monocytogenes prevalence between 1.6 and 41.3% (6, 7, 16, 17, 22, 27, 32, 35, 37, 51, 56) . For example, L. monocytogenes was found in 1.6% of environmental samples from a mushroom production facility, compared with 41.6% of environmental samples from a frozen produce processing facility (32, 51) . Similar to the L. monocytogenes prevalence, Listeria spp. prevalence varied among packinghouses from 0.0 to 11.4%. Of the 11 packinghouses sampled, 3 packinghouses (I, J, and K) did not yield Listeria spp.-positive samples; however, I and J each had one L. monocytogenes-positive sample. Six packinghouses (C, D, E, F, G, and H) showed a Listeria spp. prevalence of 0.7 to 5.0%, and two packinghouses (A and B) showed a Listeria spp. prevalence of more than 10%. Listeria spp. prevalence was highest in packinghouses B (11.4%), A (10.7%), E (5.0%), and F (3.6%). Packinghouses A and B shared a high prevalence of L. monocytogenes and Listeria spp. (ranked in the top 3 for L. monocytogenes and Listeria spp.-positive samples among the 11 packinghouses). Both L. monocytogenes and Listeria spp. prevalence differed significantly by packinghouse (Table 1) ; therefore, Listeria environmental monitoring programs should be developed and implemented in each packinghouse to evaluate the likelihood of Listeria for each operation and to facilitate timely responses.
More than half of the Listeria-positive samples detected in this study were found to be positive for L. monocytogenes (60 of 102). L. monocytogenes was more prevalent than Listeria spp. in 6 of the 11 packinghouses (Table 1) . One study (27) in a mushroom processing environment also found L. monocytogenes was the predominant species of Listeria. Other studies (6, 16, 56) from meat, dairy, and fish food environments have observed other species of Listeria are more prevalent than L. monocytogenes, suggesting produce-associated environments pose unique challenges compared with other food environments. Prior studies (39, 40, 55) in produce production environments in New York State have observed L. monocytogenes prevalence from 9 to 51% in samples collected from field soil to agricultural water, suggesting L. monocytogenes may be introduced in produce packinghouses and depend on harvest and handling practices. Another study (37) performed in the retail environment observed higher L. monocytogenes prevalence in environmental samples collected from 15 stores, compared with Listeria spp. prevalence (6.8 and 3.8%, respectively; n ¼ 314). Based on the study findings reported here, Listeria-positive samples detected in the produce packinghouse environment should trigger rapid and robust corrective measures to remove the contamination issue. Less than 1% (10 of 1,588) of Listeria-positive samples yielded both L. monocytogenes and one other species of Listeria (Table 1 ). Only 3 of the 11 packinghouses had coisolation of L. monocytogenes and one other species of Listeria (7, 2, and 1 sample in packinghouse A, B, and G, respectively). Findings suggest that coisolation of L. monocytogenes and another species of Listeria from the same sample was not common. Instead, samples were more likely to be positive for one species of Listeria. Most studies do not report coisolation of L. monocytogenes and Listeria spp.; however, one study (5) observed the coisolation of L. monocytogenes and at least one other species of Listeria in a given sample was 9 and 3% in produce production and natural environments, respectively.
Although the Listeria prevalence in produce packinghouses tended to be lower compared with other foodassociated environments, it is difficult to compare across studies because of variable experimental designs and sampling methodologies. The study reported here included 10 of 11 packinghouses that were considered large (average annual monetary value of produce the packinghouse sold during the previous 3-year period was .$500,000) under the Food Safety Modernization Act Produce Safety Rule (50) and all packinghouses had successfully passed a Good Agricultural Practices audit within the year. However, the packinghouses varied tremendously in sanitation programs, from lack of visual inspection, cleaning, and removal of accumulated organic matter (debris) to daily cleaning and sanitizing of FCS and adjacent areas by a designated crew. In future studies, formal questionnaires or surveys with management personnel assessing sanitation regimes and practices should be paired with environmental samples to identify trends and associations between pathogen-positive and sanitation activity.
L. monocytogenes and Listeria spp. were most prevalent in samples collected from DS, CS, and WNFCS. The 397 sampled sites represented zone 2 (adjacent to FCSs), zone 3 (in the main packinghouse handling and packing area), and zone 4 (OP) according to traditional environmental monitoring programs (44). To further elucidate trends and potential harborage areas within the packinghouse, samples were grouped into the following categories: DS (n ¼ 144), CS (n ¼ 188), WNFCS (n ¼ 284), DNFCS (n ¼ 552), MNFCS (n ¼ 332), and OP (n ¼ 88; Table S1 ). The L. monocytogenes and Listeria spp. prevalence ranged from 1.1 to 9.0% and 1.8 to 7.7% across the categories, respectively ( Table 2) . Categories DS, CS, and WNFCS had a significantly higher prevalence of L. monocytogenes (9.0, 6.4, and 6.0%, respectively), compared with DNFCS (1.1%). Similarly, DS also had a significantly higher Listeria spp. prevalence (7.7%) than DNFCS (1.8%). The categories DS and CS represented 7 of 10 samples that were positive simultaneously for both L. monocytogenes and Listeria spp. during the same visit (coisolation; Table  2 ). Previous studies (16, 20, 27, 37) have also shown high L. monocytogenes and Listeria spp. prevalence in site categories similar to those in the study reported here. For example, a study (16) in a farmstead dairy production environment observed samples collected from DS accounted for the largest prevalence of L. monocytogenes, compared with samples collected from floor, equipment, wall, and doorway sites. A longitudinal study (20) in smoked fish processing plants also observed samples collected from DS represented the largest prevalence of Listeria. Furthermore, a study (37) in retail deli establishments observed samples collected from cold room sites were among the sites with the highest L. monocytogenes prevalence; however, drains in cold rooms, along with other sites including floors and walls, were included in this category. Simmons et al. (37) detected L. monocytogenes in 34.5% (41 of 119) and 20.1% (36 of 179) of samples from cold room drain and floor sites, respectively. In the study reported here, all samples from drains were grouped together, regardless of location, to minimize Listeriapositive samples from drains confounding other subgrouping results. WNFCS sites were also associated with a high L. monocytogenes and Listeria spp. prevalence in the study ( Table 2) . Prior studies (8, 28, 43) have indicated that L. monocytogenes persists, and even grows, in environments that are cold and wet, because those environments may allow L. monocytogenes to outcompete other microorganisms. The three site categories (DS, CS, and WNFCS) associated with the highest L. monocytogenes and Listeria spp. prevalence would be characterized as both wet and cold, which may have increased the likelihood of L. monocytogenes detection. Another study (27) also found Listeria-positive samples most often on wet floors within a mushroom processing environment. The category DNFCS had the lowest prevalence of L. monocytogenes and Listeria spp. over the study period ( Table 2 ). Dry environments have historically not been associated with L. monocytogenes, and maintaining a dry environment has been a Listeria control strategy (43) . L. monocytogenes and Listeria spp. prevalence in MNFCS and OP categories was not significantly different from prevalence DS, CS, WNFCS, and DNFCS categories ( Table 2) . MNFCS-grouped sites may travel in and out of the packinghouse (e.g., forklift and field bin) and thus may facilitate cross-contamination. In addition, OPgrouped sites may be under greater influence of environ-mental contamination (e.g., from soils) because of proximity to the outside environment. Findings from this study suggest packinghouse operators should develop and implement targeted interventions at DS, CS, and WNFCS sites in produce packinghouses, because those three site categories were identified as potential Listeria harborage areas (ranked in the top 3 for both L. monocytogenes and Listeria spp. prevalence). Harborage areas in food-associated environments may protect and allow Listeria persistence and potential replication (10) . Although all produce packinghouses are different, the study reported here observed produce packinghouses should focus on drain management (including avoidance of drain aerosolization) and keeping areas dry to limit the contamination of L. monocytogenes and Listeria spp.-positive samples.
Diversity of L. monocytogenes and Listeria spp. ATs was high. From the 102 Listeria-positive samples, 218 isolates were prepared for characterization by partial sigB gene sequencing. Of the 218 isolates, 128 were classified as representative isolates (Table S2 ). Representative isolates were defined as isolates from a given sample with a different AT. Five species of Listeria were identified based upon AT: L. monocytogenes, L. innocua, L. seeligeri, L. welshimeri, and L. marthii (Table 3 ). Approximately 21% (21 of 102) of the Listeria-positive samples contained two or more ATs (Table S3 ). Representative isolates from the study reported here yielded 40 Listeria ATs (15, 12, 7, 4 , and 2 ATs for L. monocytogenes, L. innocua, L. welshimeri, L. marthii, and L. seeligeri, respectively; Table 3 ). The most prevalent L. monocytogenes ATs were 57, 79, and 112, while the most prevalent Listeria spp. ATs were 12 (L. seeligeri), 6 (L. innocua), 23 (L. innocua), 24 (L. seeligeri), and 31 (L. innocua; Table 3 ). Similarly, in prior studies (27, 34, 37, 39, 40, 55) , L. monocytogenes and L. innocua have been the most prevalent species of Listeria documented in urban environments, produce production and preharvest environments, retail environments, and a mushroom processing environment. For example, Strawn et al. (39) reported that L. monocytogenes and L. innocua were the most prevalent species of Listeria identified in soil, water, and fecal samples from produce production environments, including a high number of L. monocytogenes AT 57. Simmons et al. (37) also found that L. monocytogenes and L. innocua were the most prevalent species of Listeria detected and isolated from retail deli environments. L. monocytogenes AT 57 was found in six stores during the study period. In addition, another study (34) showed L. monocytogenes and L. innocua were the most common species of Listeria in urban environments. Some L. monocytogenes ATs identified in the study reported here (AT 57, 58, and 61) were also isolated from natural, urban, preharvest, and retail environments as previously described (34, 35, 36) , suggesting wide distribution of these Listeria ATs. Prior studies (5, 12) have stated that L. marthii has only been isolated from a particular area in New York State; however, in the study reported here, L. marthii (AT 261, 263, 264, and 265) was detected and isolated in samples collected from two packinghouses (A and C). Packinghous- University (which has more than 4,000 partial sigB sequences from dairy, meat, seafood, urban, produce production, and natural environments, among others). There was a high diversity of ATs for L. monocytogenes, L. innocua, L. marthii, and L. welshimeri (D ¼ 0.89 6 0.01, 0.87 6 0.03, 0.78 6 0.08, and 0.87 6 0.05, respectively); L. seeligeri (D ¼ 0.48 6 0.08) was the only species that did not follow this trend. Six of the 40 Listeria ATs (L. monocytogenes AT 57, 59, and 79; L. innocua AT 23 and 31; and L. seeligeri AT 12) were isolated from at least three packinghouses (Table 3) , while 29 of the 40 Listeria ATs were isolated from only from a single packinghouse. Packinghouses A, B, and C had the highest occurrence of packinghouse specific ATs, with each packinghouse yielding at least five unique ATs (shared by no other packinghouse). Packinghouse-specific ATs may indicate a point source of Listeria contamination into the facility. These same packinghouses (A, B, and C) also showed the highest diversity of Listeria ATs within packinghouse (D ¼ 0.91 6 0.02, 0.95 6 0.02, and 0.87 6 0.02, respectively). There are limited published studies (5, 34) quantifying Listeria AT diversity in other environments. One study (34) observed the diversity in urban (D ¼ 0.64) and natural (D ¼ 0.29) environments was lower than the diversity reported in this study using the same subtyping method (AT) and diversity calculation (D). It has been documented that the species of Listeria isolated from an environment depend on the characteristics of a specific environment (5, 25, 34) . All packinghouses in this study were slightly different; therefore, variables including building layout and age, equipment design, traffic patterns, and management practices may affect the distribution and diversity of Listeria in produce packinghouse environments. Therefore, our findings suggest Listeria in the 11 sampled produce packinghouses here represented diverse species and ATs and mainly transient strains. V2  V3  V4  V1  V2  V3  V4   A  CS 1  57 64 tested positive for Listeria on at least two of the four sample collection visits during the study (Table 4 ). Upon partial sequencing of the sigB gene, only three sites of repeated isolation were identified. Repeated isolation was defined as the same Listeria AT detected and isolated in a sample from a site on at least two of the four sample collection visits during the study. Partial sigB gene sequencing has been shown to reliably discriminate Listeria isolates for environmental studies (24, 29, 30, 34) , similar to the study reported here. The three cases of repeated isolation were from three packinghouses (A, B, and C) and were from three site locations (CS, WNFCS, and DNFCS; Table 4 ). In the first case of repeated isolation, L. monocytogenes AT 64 was detected and isolated from two of the four samples collected from a CS site in packinghouse A during July and August 2017. The second case of repeated isolation, L. monocytogenes AT 260, was detected and isolated from two of the four samples collected from a WNFCS site in packinghouse C during September 2017 and February 2018. The third case of repeated isolation, Listeria spp. AT 6, was detected and isolated from two of the four samples collected from a DNFCS site in packinghouse B during July 2017 and March 2018. Differentiation between Listeria reintroduction and persistence (survival of Listeria strain in a location over time) in a specific environment is particularly challenging (10) . For all 11 produce packinghouses, the packinghouses were not closed to the environment; instead, raw product was continuously transported from fields to packinghouse, with a lot of activity from forklifts and employees moving in and out of the packinghouses. Traffic flow of equipment, tools, and people may facilitate the initial introduction and reintroduction of L. monocytogenes and Listeria spp. to operations (41, 47) . Unfortunately, because of the sampling limitations of this study (four visits spread out over the packing season), it was not possible to determine whether the cases of repeated isolation (same Listeria ATs detected and isolated in samples from the same sites) are a result of reintroduction or persistence of Listeria. Increasing sampling frequency (before, during, and after operation, as well as before and after sanitation practices) and using more discriminatory subtyping methods (pulsed-field gel electrophoresis and whole genome sequencing) would assist in identification of Listeria persistence. However, the data in the study reported here suggest a reintroduction of Listeria (high diversity and lack of repeated isolation cases of Listeria) rather than persistence of Listeria in the 11 produce packinghouses sampled.
The study reported that more than half of the Listeria detected and isolated were L. monocytogenes; therefore, the data suggest Listeria-positive samples should be treated as L. monocytogenes-positive samples and trigger timely corrective actions, including a root cause analysis. In addition, the study showed that the prevalence of L. monocytogenes and Listeria spp. varied among the 11 produce packinghouses, with only few cases of Listeria repeated isolation. Sites that were categorized as cold and wet (DS, CS, and WNFCS) were more likely to be positive for L. monocytogenes than sites categorized as dry (DNFCS). These results suggest Listeria environmental monitoring programs be developed for specific operations and targeted in areas that may serve as harborage sites for Listeria. Furthermore, packinghouses should focus on drain and moisture management, such as avoiding aerosolization during drain sanitation and keeping areas dry (or allowing areas to dry out).
